Separation control by tangential blowing inside the bubble by Viswanath, PR et al.
Experiments in Fluids 29 (2000) 96-102 @ Springer-Verlag 2000
Separationcontrolbytangentialblowinginsidethebubble
P. R.Viswanath,G.Ramesh,K.T. Madhavan
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AbstractExperimentshavebeencarriedoutinvestigating
theeffectivenessof steadytangentialblowing(insidethe
separationbubble)to controlanaxisymmetricseparated
flowatlowspeeds.Turbulentboundaryseparationwas
inducedonacontouredafterbodyandtheseparatedshear
layerreattachedon anarrowcylindricalsting.Measure-
mentsmadeconsistedof modelsurfacepressures,mean
velocity,turbulentshearstressandkineticenergyprofiles
usinga 2-componentLDV system.Theresultsexplicitly
demonstratethatblowingdownstreamof theseparation
location,butwithinthebubble,canbeaneffectivemeans
ofseparationcontrol,consideringbothwallandwakeflow
reversals.
List of symbols
Cp Staticpressurecoefficient(=p - p=lqoo)
C" Blowingmomentumcoefficient(2D)
C"A Blowingmomentumcoefficient(axisymmetric)
D Modelforebodydiameter
h Blowingslotheight
k (u,2+ V'2)/2, Turbulentkineticenergy
mbl Boundarylayermassflowrate
mj Jetmassflowrate
p Local surfacepressure
p= Freestreamstaticpressure
q= Freestreamdynamicpressure
u Localvelocityin theboundarylayer
U= Freestreamvelocity
Uj Jetvelocity
(U'2) Meansquarevelocityfluctuationin x direction
(V'2) Meansquarevelocityfluctuationiny direction
T (-u'v'), Reynolds hearstress
f/ Boundarylayerdisplacementthickness
8 Boundarylayermomentumthickness
x Coordinateparallelto modelaxis
y Coordinatenormalto modelaxis
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Introduction
The problem of turbulentboundary layer separation
the associatedaerodynamiceffectshavebeen theSUbje.lO
of num:rous investigationsin the literature(e.g.Chan&
1970;Simpson,1989).The boundary.layer.separationill
resultof strongadversepressuregradientsIII thedirectitOI)
of the flow and leadsto increasedenergylosses.The i
generalproblemof turbulentboundarylayer separation!
sufficientlycomplexinvolving, for example,three-dime,Visw~n<
sionality,large-scaleunsteadinessthatmostearlierstudiifficultles
in theliteraturehavefocussedattentionon nominallytWGo,niccase
dimensionalseparatedflows (e.g.Stratford,1959;Sand-. )ectlOne
bornandLiu, 1968;SimpsonetaI.,1981;Viswanathanaatedfio;
Brown,1983;Simpson,1985;ThompsonandWhitelaw,ents0 S
1985;Viswanath,1988).While significantdevelopmenlsressur~S.l
havetakenplaceduring thelast decadein the calculati.typel~Jt
methods for separated flows, difficulty in modelling tm. .eseeary
bulent stressesin such flows still remains (Marvin,199)tera~u:e~
Carefullyplannedbuilding-block experimentsinvolvin! deI~)ect]f II b I . . eSlgnameasurements0 meanaswe as tur u encequantItIesI . th b f I ... f b t ISto
ave een0 greatva ue III lmprovIllg aspects0 tm u- I '
lencemodellingfor separatedflows (Marvin, 1982,198);,OWl?gor
S
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JtuatlOns;
Impson, ; 1 lams, . , [ .1 dS . I b . . "rl fl01SaneparatlOncontro y passiveor actlvemeansISWi"'.-- J"A DI d ". . d ." Th VOlVC-temp oye lor lmprovIllg aero ynamlc perlormance., h. eempasmonographbyChang(1976)contaIllsanexcellentaccou .
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.
d
. h d f . uppresslOr0 severapassivean actlvemet 0 so separatlOnconi," t f .. d'f" d . . h b' eny 0 VI:
III llerent spee regimes.Recentreviewson t e su)e. I th' .
include thatof Gad-EI-Hak and Bushnell (1991)and e~lis p,
Wygnanski (1997).Tangentialblowing, which involvesen~ Pt~O!
injectionof fluid parallelto thewall througha narrowsl, te~;cIV~
is generallyknown to be an effectivemeansof separal!nano~.. h aXlsy
control (Peake,1966;Vlswanath,1988;Wong, 1977);I, dver
injectedmassenergizesthe boundary layer nearthew"etail:~re;
providing sufficientkinetic energyto negotiateadverse m
pressuregradients.Sinceblowing involvesinjection01
additionalmassand momentuminto theboundarylay'
the parametersaffectingits performanceinclude thejei
velocity,densityand the slot height (in two-dimension'
flows). The mostwidely usedand relevantparameter
(Lachmann,1961;Chang,1976)is theblowing mornentU
coefficient,CI" definedby
C" = mjUj/ PoU580
V-t
(i.e.
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D-t:
but
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manyinterestingdiscussionsonthiswork. locity and 80is the boundary layermomentumthickni'!
d of separation,Otherdefinitionsof C{lhavebeen
tlstaheadaswellin theliterature(e,g.Chang,1976)which
~n:~loY~'fferentv locityand length scales;for example,)tlhzeI locity (UJ' - Uo) is used insteadof Uj for the
" eSSve
.,ac tUminjectedand a lengthscaleof thebody(e.g.
o:on:~nhordina2Dflow)is oftenusedfor normalization.
,
alrEOIc
Prefera viscousscalelike 80sinceit would reflecttl rewe
Fe I boundarylayerproperty;as a result,CIIvaluesso
81~cad will be generallyan order of magnitudelarger.
de:;O~g these,ver~lfactor~that~ay determinethe ~f-
, enessof in)ectlOn,earlIerstudIes(Peake,1966;VIS-
fectlVth1988)haveshownthattheinjectionslot locationis(wana, I . , d'" h bi 'ticalparameter.t IS convementto IstIllgms e-
iJCfln tWOtypesof injection,dependingupontheslot10-itlvee
aration an~'cation:
thesUbjeq(I) V-type:injectionis upstreamof separationpoint
c,g,Chang, (i.e"theconventionallocation adoptedfor boun-
)arationi, darylayercontrol).
he directiD(JI)D-type:injectionis downstreamof separationpoint,
es,The butwithin the recirculationzone.
~e:e:~~:ionViswanathet ~l.,(l9~3) discuss~d,bri~fly.someof the
1. meniificultiesassoClatedwIth V-type Ill)ectIOnIII the super-lr lerstudl ' d d h fi f'
II oniecaseand provi e t erst assessmentaD-typemma ytw f'" . ' d d b 1
:j59'Sand.'njeetionelectIvenessIII a ramp-Ill uce tur u ent sepa-,
h atedflowat a Mach numberof 2.50;basedon measure-wanat anG f i: d
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f t b tISto e recogmze t at stu les mvoVIllg tangentIa
sl~82,u~9~;.lowi~gor injectionhavebeen,repo,rtedin otherflow
, ItuatlOns;for example,to provIde11ftenhancementon
, 'd,'rfailsandwings using trailing-edgeblowing which mayins ISWI I D
,'.
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'
hl
'
l t eempaSlSan lOCUSIII t e presentwar IS on t een aceou. . ,
t
'
tr ppressIOnof boundary layer separatIOnto reducese-a IOncan. f .
h b' enty0 VISCOUSeffects.l t e su )e .
11) d In this paper, we present new results from an experi-
, anI es entalprogramme specifically designed to assessin detail1 IllVOv eeff t
'
f D .". 1 dl eeIveness 0 -type Ill)ectIOn III a ow Spee sepa-narrOWs dfl.
f atl' te ow,Turbulentboundarylayerseparationoccurred) separ , .
; 1977)'thnanaXlsymmetncontouredafterbodydueto sustained
" the' ersepressuregradients.Basedon surfacepressureand
::radversetaIledflow-fieldmeasurementsemployinga 2-compo-
jectionof
Illdary lal'
ude theje:
:1imensioni
lrameter
y momenl~
~
00
11, Uj is thel
density,
1mthieknlJ
300---j
122~
1420
nentLDV system,it is explicitlydemonstratedthatD-type
tangentialinjectioncanbeaneffectivemeansofseparation
control,consideringbothwallandwakeflowreversals.
2
Experiments
2.1
Testfacilityandmodelconfiguration
Theexperimentswereperformedin the0.91m dia.low
speedwindtunnelatafreestreamvelocity(Uoo)of20 m/s.
Theaxisymmetricmodelconfigurationemployedhada
diameter(D) of 122mmanda totallengthof 1420mm
madeupin 3 sections:atangentogivenose300mmlong,
a centralcylindricalsection1047mmlongandacircular
arcafterbody(of radiusof curvature=128mm) 98 mm
long(Fig.1);theafterbodyalsocarrieda stingof 30mm
dia.and330mmlongonwhichtheseparatedflowreat-
tached.Twoafterbodymodelswerefabricatedfor making
measurements,bothwithandwithoutflowcontrol.
Figure1showstheafterbodymodelwithfacilityfor tan-
gentialblowingwithanannularaxisymmetricslotheight
(h)2.5mm(Fig.1):sufficientcarewastakenin theslot
designtoensuretangentialinjectionandtheabovevalue
of h waschosenprimarilyfromsupersonicexperience
(Viswanathet aI., 1983).The slot location (x =-15 mm)
waschosenso thatit is downstreamof theseparation
point(in theabsenceof injection)butwithinthereversed
flowzonebasedon preliminaryexperiments.Themodel
wassupportedwithathinrectangularstrutatadistanceof
300mmfromthenosewhichalsoprovidedthepassagefor
thejet flowintothemodel.
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2.2
Instrumentationandmeasurements
Modelstaticpressuredistributionson thecylinderand
afterbodyweremeasuredusingFurnessControlmicro-
manometersprimarilyon thelee-ward(top)generator
(limitedmeasurementsata fewothergeneratorson the
afterbodywerecarriedoutaswell);thesemeasurements
weremadeatthreevaluesofblowingor injectionvelocity
(Uj)of 15,25and31m/s;thejetmassflowwascalculated
usinga rotameterinstalledin thejetflowcircuit.
Theflowmeasurementsof themeanandturbulent
quantitiesweremadeusinga three-beam,two-component
DANTEClaserDopplervelocimeter.TheLDV wasusedin
theforwardscattermodetoachievehighersignal-to-noise
ratio.Thefocallengthof thefrontlenswas600mmand
~
y s: Sep,loc.
~ R: Reattach, loc.J ',R
R=~ ~
O" x ~
1--98 15
330
All dimensions in mm
Not to scale
Fig.1. Schematicofaxisym-
metricmodel
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thebeamintersectionanglewas4.66°.Theellipsoidal
probevolumehada lengthof about2 mmandadiameter
of 0.2mm.Fringespacingin theblueandgreencompo-
nentswere6.8and6.0J.1mrespectively.A Braggcellwith
anopticalfrequencyshiftto40MHz wasusedfor mea-
suringthereversedflow;in addition,anelectronicfre-
quencyshiftwasalsousedfor accuratemeasurementof
lowvelocities.Datafromthecounter-typesignalprocessor
wastransferredto thePC/AT systemusingDMA-based
high-speedigitalI/O cards.All thesoftwaremodules,
includingthosefor acquiringDopplerdatafromDIO of
counterprocessor,LDV parameterselection,quickcheck
of on-linedataandprocessingof dataweredevelopedat
NAL (RameshetaI.,1994).
Themeanvelocity,turbulentshearstressandtwo-
componentturbulentkineticenergymeasurementswere
madewithopticsin the::t45°configuration;limitedmean
velocitydataandintermittencymeasurements,(charac-
terisingthefractionof timetheflowis reversed)in the
vicinityofseparationlocationwerecarriedoutwithoptics
in the0/90°configuration.
Seedingwasaccomplishedsuccessfullyusingasmoke
generatorwithliquidparaffindevelopedin ourlaboratory.
It wasfoundthatparaffinsmokeprovidedsufficiently
goodparticleconcentrationevenwithintherecirculating
zonesof theflow.No directestimateof theparticlesizes
wasmade;however,weexpecthattheparticlesizeis in
therangeof 2 to 5 microns,asreportedbyWiedemann
(1994).Thedataratesweretypicallyin therange400to
600samples/soDatavalidationrateswerein therangeof
500to 800for abatchof 1000samples,whichis generally
indicativeof goodSNRconditions.
In thepresentexperimentsinvolvingmeasurementsin a
separatedflow,preliminarystudiesweremadetoarriveat
anoptimumensemblesizefordeterminingthestatisticsin
theattachedandreversedflowzones.Although5000
sampleswerefoundadequatefor obtaininggoodrepeat-
abilityofmeanvelocitiesin theattached(orforward)flow
regions,thequalityof theturbulentshearstressandki-
neticenergydatashowedvisibleimprovementswith
10,000samples.So,a minimumensemblesizeof 10,000
sampleswasadoptedfor obtainingthemeanaswellasthe
turbulentquantitiesinzoneswithu >O.A similarexercise
for thereversedflowregion(u <0) suggestedthatan
ensemblesizeof20,000sampleshouldbeadequatewhich
wasfinallyadopted.
'.'-
2.3
Estimatesof uncertaintyin themeasuredata
For theLDV data,sourcesof errorincludeoptical,sta-
tisticalandpositional.Theuncertaintyin themeasure-
mentof beamhalf-angleis estimatedtobe ::to.O1° which
translatesto anuncertaintyin velocityof ::to.05m/s;
however,theresolutionof theburstcounteresultsin a
relativelyhigheruncertainlyof ::to.1m/s.For thesample
sizeusedfor eachdatapoint(discussedabove)weexpect
thestatisticalerrorstobesmall«1%). No correctionfor
themeasuredatafor possiblevelocitybiaswasmade
sincesuchcorrectionsdidnotseemwarrantedbasedon
comparisonsofmeasurementsin certainstandardflowsas
wellasredundancymeasurements(RameshetaI.,1995);
such an observationhasalso been madeby Adrna
Eaton (1988)in low speedseparatedflow. Further~a ,
reliablecorrectionsschemesare not establishedforOt~i
locity bias.Likely errors in the measuredmeanvelv~'j
turbulentshearstressand 2-componentkineticen~q~
dataare givenbelow;theseestimatesare basedOn;gy;
peatabilitytestsand comparisonwith redundancyme..
surements,whereverpossible. ea.,
"
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Pressurecoefficient,Cp
Mean velocity,u
:;;:!:0.30/0
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Resultsand discussion
;.
3.1
Withoutangentialblowing
3.1.1
Boundarylayerpropertiesonthecylinder
Themeasuredmeanvelocityprofileon thecylinderat
x =-258 mm showedfeaturesof a well developedtm
bulentboundarylayerwiththefollowingproperties
(RameshetaI.,1995):
Boundarylayerthickness(b)=25mm
Displacementthickness(6*) =3 mm
Momentumthickness(8)=2.3mm
Wallskinfrictioncoefficient(Cf)=0.0036
9mm(:tlr
Ifofiles.
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resultswith blowing will be discussedin Sect.3.2);theIonpomt I
measuredCpon two sidegenerators(90°apart)show~
goodagreementwith thosemeasuredon thetop genera!!
suggestinggood axisymmetry(Rameshet aI., 1995).Th
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astheflowexpandsaroundthecylinder- afterbody'S ~~:
junctiondueto thechangein surfacecurvatureandis06
followedby astrongadversepressuregradientleading
boundarylayerseparationasseenbythepressureplatet04
thisis followedby a reattachmentpressureriseanda
pressuredecayto freestreamvalueonthesting.
Thestreamwisedevelopmentof velocityprofiles
(Fig.3),coveringall thewayupstreamof separation3
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19mm(i:I mm) respectivelyfrom the measuredvelocity
lrofiles.
Animportant property related to unsteady aspects of
eparationis the wall flow intermittency (y) which char-
cterizesthe fraction of the time the flow is reversed
u<0)nearthewall. Figure4 shows that intermittent
eparationbegins around x = -38 mm, which implies a
'stanceof about 0.560ahead of the time-averaged sepa-
'alionpoint (xs); the value of y is about 0.9 at Xs'
l1e afterbodj
I in Fig. 2In
ct. 3.2); the
)art) show~
top genera~
I., 1995).I
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Fig.3. Meanvelocityprofilesin the
separatedzone
3.2
With tangentialblowing
3.2.1
Surfacepressuredistributions
Resultsofsurfacepressuredistributions on the afterbody
and stingwithtangentialblowingareincludedin Fig.2.
Thepressuresonthecylinderandthoseontheafterbody
aheadofseparation(xs=-28 mm)showlittlechangedue
toblowing.Howeverincreasedpressuregradientsand
increasedstaticpressurerecoveryareevidentatall three
valuesof blowingvelocityindicatingfavourableffectsof
injection.In particular,thepressureplateauregionasso-
ciatedseparationis completelyeliminatedwithblowing,
suggestingsuppressionofwallflowreversalevenfor ajet
velocityratio(~/Uoo)=0.75.Thedip in Cpvalues(im-
mediatelydownstreamof theslot)reflectsthelocalstatic
pressureof thejetassociatedwithincreasingvalueof Uj'
3.2.2
Meanvelocityprofiles
Themeanvelocityprofiles(normalisedby freestreamve-
locity,Uoo)at four criticalstreamwisestationsasaffected
by blowing aredisplayedin Fig.5;asstatedearlier,
x = -28 and 39mm correspondto the separationand
reattachmentlocationswithout blowing. The elimination
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ofthe reversedflow in theseparatedzone(x==-18mm,
25mm:Fig.5)atbothvaluesof Uj (==1.25and 1.55Uoo)is
consistentwith the observedfeaturesof the surfacepres-
sure distributions discussedabove.At all four stations,
increasedmeanvelocitiesall acrossthe layer suggesteffi-
cient mixing of theinjectedjet with the surroundingflow.
The jet massflow at Uj == 25 and 31 mls correspondto 13
and16%(respectively)of themassflowin theboundary
layeratseparation(xs==-28mm).
3.2.3
Boundarylayerintegralparameters
Thestreamwisevariationsofboundarylayerdisplacement
andmomentumthicknessdistributions,correspondingto
blowing at Uj == 1.55Uoo(andwithoutit) arepresentedin
Fig.6;asmaybeexpected,ueto theeliminationof the
reversedflowaswellasincreasedmeanvelocities,both6*
andf)valuesaresignificantlylowerwithblowing.
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3.2.4
Turbulentshearstressandkineticenergyprofiles
The variationsof the normalisedturbulent shearstress
and2-componentturbulentkineticenergyprofilesatt~IC'IA==mjUj
highestjet velocityratio of 1.55are presentedin Figs,)
and 8 respectively.The complexqualitativenatureof
shearstressprofilescan be explainedfrom the corre-
spondingmeanvelocityprofilesshown in Fig. 5. At
x == -28 and-18 mm(i.e.,aheadof theslotlocation),.
downward shift of the location of 'max is consistent witt
theincreasedmeanvelocitiesandvelocitygradientnear
thewallduetoblowing.At x == 25and39mm,thesh
stressprofilesexhibittwopeakscorrespondingtothe Blowingrequi
positiveand negativemaximum(normal) velocitygradi. .
entswhich canbe observedin the meanvelocitypro U/Ux GilA
(Fig. 5); theseprofiles resemble2D wake flow with ave.0.75
locityminimum.A thirdpeakin theshearstresswhich\.25
to be expectedcloseto thewall in the (jet) wall bound~
layerhasnot beencapturedin the measurements ince.155
occursveryloseto thewall(y <0.5mm);in fact,at i. I
X == 39mm, measurementat the first y locatiOnfromIN
wall revealspositiveshearstressas expected. !ITheturbulentkineticenergyprofilesatx == -28 and, 50
-18 mm show featuresqualitativelysimilar to theshearI
stressprofiles(Fig. 7); in particular,thedownwardshiftj
they locationcorrespondingto kmaxmay be seen.TheI 40
increasedk levelsnearthewallatx == 25and39mmor
viouslyariseformtheincreased(normal)velocitygrad:
entsand, levelsin the attachedboundary layerwith I 30
blowing.Detailedanalysisof themean flow and turbuk
quantitieswith blowing from the point of view of turb,
t
y,mrnIf
lencemodellingis currentlyin progress. 20~~o
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3.2.5
Blowingrequirements .
In thecontextof separationcontrol,suppressionofwa
flowreversalmaybeadequatein certainapplications(e
120reliefin surfaceheattransferathighspeeds),whilesur
pressionofbothwallandwakeflowreversalmaybein
portant in other cases(e.g.aircraft intakes).EstimatesI
blowing massflow and momentumcoefficientfor the
10
0
0
00
25 0 '"
0
0
ISl
0
0 '"
0 '"
0 '"
0 151
'"
'"
'"
1mean
1,111111
50
Uj I Urn
0 a
A 1.55
A
AI:>
0 -18 A 0 25
0
A
'"
A
A 0
A
Ao 39
Ao
Ao
0
A 0
A
A
A
A 0
A 0
A 0
A a
A
'400
oA 101
40 x,mm::-28
lD A 0
A a
a
0
A 0
0
0
A
0 A
0 "
I ","" A
AlrA AO
AA M I g
4n I 0
"'l ,0AA 0
Fig.7. Effectof blowingonReynolds
shearstressprofiles
30
A
A
'b
20r-t
0
0°
AO
AO
io
00
AD
AD
AD
ooo~
10
0
0
A
AO
A
A a
0 0 a
A 0
d>
0 A
0
A
A
A
A
° oA
A ~ 0 A A
0
0
a
-0.2 0 0.4
A 0
A a
A a
A a
A °A °
A °A aA °
AOA
ADoA
I. ° 6' 0 '1,\ A A
,g f"thA
6':. /)" . Ii' A
0
0.2
axisymmetriccase(CI,A)aregivenin the Table below:
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lear stress 2
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i in Figs.; . h fl t h h h I (
.
f wheremjIS t e mass ow ra e t roug t e annuar aXI-
lature0 t. S}'mmetric)slot and D is the model forebodydiameterIe corre- .
1 5 A (::122mm).It IStobenotedthatthevalueof CIIAquoted
,. '. t ,aboveis an order of magnitudehigher (thanwhat one
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3.2.6
Possibleflowmechanismsa sociatedwithD-typeblowing
TheeffectivenessofD-typeblowinghasbeendemonstrated
andit is informativetospeculateonpossibleflowmecha-
nismsassociatedwithit. In thistechnique,it is thesepa-
ratedbubblewhichis energizedbythetangentialjet.The
wallflowreversalis firstsuppressedbytheinteractionof
thejet (havinghighertotalpressureor longitudinalmo-
mentum)withthe(otherwise)reversed-flowboundary
layer.Second,thefluidinjectioncausesastrongmass
imbalancein thebubbleandalteredshearlayerentrain-
mentcharacteristics.Finally,thejetentrainmentof the
reversedflowin thebubbleis possiblyastrongfactor
promotingincreasedmixingleadingtohigher(mean)ki-
neticenergylevelsnearthewall.Thesefeaturesresultin the
removalor eliminationof theshearlayerreattachment.
4
Conclusions
It hasbeendemonstratedthroughdetailedflowmeasure-
mentsfor thefirsttimethattangentialblowingthrougha
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narrowslotdownstreamof separation,butwithinthe
bubble,canbeaneffectivemeansofseparationcontrol.D-
typeinjectionor blowinginvolvesenergizingthebubble
flowleadingtotheeliminationofshearlayerreattachment,
asopposedtoenergizationof theboundarylayerupstream
of theseparationpoint,whichis theconventionaltech-
niqueadoptedforboundarylayercontrol.Themechanics
of D-typeblowingis thereforeassociatedwithmanipula-
tionof shearlayerreattachmentprocesswhichis akey
elementin thedynamicsofseparatedflowsasemphasized
byRoshko(1966,1967).Takentogetherwiththesuccessof
D-typeinjectionobservedin a supersonicrampflow
(ViswanathetaI.,1983),it maybeconcludedthatD-type
tangentialblowingconcept,althoughunconventional,may
havesignificantpotentialforcontrollingseparatedflowsin
othersituations(e.g.high-liftflows,shock-boundarylayer
interactionon supercriticalairfoils).Thereis scopefor
optimizingtheinjectionparametersfor improvedperfor-
mance.
Theexperimentalresultspresentedin thispaperalso
provideon excellentdatabaseon anaxisymmetricsepa-
ratedflowusefulfor improvingturbulencemodellingas
wellasCFDcodevalidation.
,,"""-...' ..
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